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Abstract
This study presents the first systematic comparison of the (thermo-)dynamics as-
sociated with all major tropical wave types causing rainfall modulation over northern
tropical Africa: Madden Julian Oscillation (MJO), Equatorial Rossby waves (ERs),
mixed Rossby-gravity waves (MRGs), Kelvin waves, tropical disturbances (TDs, in-
cluding African Easterly Waves), and eastward inertio-gravity waves (EIGs). Reanal-
ysis and radiosonde data were analyzed for the period 1981–2013 based on space-time
filtering of outgoing longwave radiation. The identified circulation patterns are largely
consistent with theory. The slow modes, MJO and ER, mainly impact precipitable
water, whereas the faster Kelvin waves, MRGs, and TDs primarily modulate mois-
ture convergence. Monsoonal inflow intensifies during wet phases of the MJO, ERs,
and MRGs, associated with a northward shift of the intertropical discontinuity for
MJO and ERs. During passages of vertically tilted imbalanced wave modes, such as
MJO, Kelvin waves, and TDs, and partly MRGs, increased vertical wind shear and
improved conditions for up- and downdrafts facilitate the organization of convection.
The balanced ERs are not tilted and rainfall is triggered by large-scale moistening
and stratiform lifting. The MJO and ERs interact with intraseasonal variations of the
Indian monsoon and extratropical Rossby wave trains. The latter causes a trough over
the Atlas Mountains associated with a tropical plume and rainfall over the Sahara.
Positive North Atlantic and Arctic Oscillation signals precede tropical plumes in case
of the MJO. The results unveil which dynamical processes need to be modeled realisti-
cally to represent the coupling between tropical waves and rainfall in northern tropical
Africa.
1 Introduction
The West African monsoon (WAM) sys-
tem strongly affects livelihoods in north-
ern tropical Africa. The highly weather-
dependent agricultural sector employs 60 %
of the work force in West Africa and con-
tributes 35 % of the GDP (Jalloh et al.,
2013). As the WAM exhibits consider-
able variability on daily to subseasonal
timescales (Janicot et al., 2011), farmers
and pastoralists can substantially benefit
from weather forecasts and adapt their
cropping (Roudier et al., 2016) or herding
strategies (Rasmussen et al., 2014). How-
ever, global numerical weather prediction
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(NWP) models almost entirely fail so far to
deliver accurate and reliable weather fore-
casts for this region (Vogel et al., 2018).
Although rainfall over northern tropi-
cal Africa is highly stochastic by nature,
predictability exists on different tempo-
ral and spatial scales, as, e.g., tropical
waves are known to modulate precipitation.
Specifically, convectively coupled equato-
rial waves (CCEWs) stand out against
the background noise of tropical rainfall
(Wheeler and Kiladis, 1999). The the-
ory of a shallow water system yields sev-
eral eigenmodes of motion that are trapped
near the equator (Matsuno, 1966). These
waves can broadly be classified into bal-
anced and imbalanced modes. The former
are called equatorial Rossby (ER) waves,
because they follow quasi-geostrophy, just
as Rossby waves in the mid-latitudes. The
latter are inertio-gravity waves, which are
subdivided into westward and eastward
moving types (WIG, EIG). Additionally,
two special solutions exist: Mixed Rossby-
gravity (MRG) waves behave as balanced
modes when traveling westwards and as un-
balanced waves when traveling eastwards.
Kelvin waves have pure gravity wave prop-
erties in meridional direction and are bal-
anced in the zonal direction. These eigen-
modes have periods of less than a day to
several weeks. Each wave type is associated
with specific circulation patterns. Theoret-
ical structures of all CCEWs are displayed
in Matsuno (1966, Figs. 4-8) and Kiladis
et al. (2009, Fig. 3).
CCEWs also modulate the vertical ther-
modynamical structure of the tropical tro-
posphere. Despite their different scales and
circulation patterns, all CCEWs, except
ER waves, have a self-similar, tilted vertical
structure (Mapes et al., 2006; Kiladis et al.,
2009). Moisture anomalies starting at low
levels, rise to mid-levels prior to the con-
vective peak. A stratiform moist outflow
is left behind after the passage of the deep
convection. Additional to adiabatic heat-
ing associated with the vertical circulation,
diabatic affects create heating that slows
down the wave. The reader is referred to
Kiladis et al. (2009) for a more detailed re-
view of the theory, observational evidence,
and properties of CCEWs.
Two additional disturbances dominate
rainfall variability over northern tropical
Africa: The Madden-Julian Oscillation
(MJO) is a wave mode that is not predicted
by the shallow-water equations but shares
several properties with Kelvin waves (Mad-
den and Julian, 1971). It is a global mode
with highest activity over the Indian and
Pacific Oceans. The MJO modulates the
occurence of tropical rain clusters on the
intraseasonal timescale and its influence
has been documented for northern tropi-
cal Africa (e.g. Matthews 2004; Pohl et al.
2009; Alaka and Maloney 2012). Differ-
ent theories have been proposed to explain
its existence (see reviews by Zhang 2005;
2013). Tropical disturbances (TD) are
westward travelling systems off the equa-
tor with a period of two to five days and are
often precursors of tropical storms (Riehl,
1945; Roundy and Frank, 2004). Over
northern tropical Africa, they mostly corre-
spond to African Easterly Waves (AEWs),
which a barotropic-baroclinic wave mode
specific to the WAM system forming along
the of the African Easterly Jet (AEJ, Reed
et al. 1977; Duvel 1990). They couple
to convection and adominate variability
at the daily timescale (Fink and Reiner,
2003; Lavaysse et al., 2006). All CCEWs,
the MJO, and TDs are collectively termed
”tropical waves” in this paper.
In the first part of this study, Schlueter
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et al. (2018, hereafter SFKV18) re-
viewed the modulation of rainfall by trop-
ical waves. Depending on wave type, the
modulation intensity varies from less than
2 mm d−1 to more than 7 mm d−1 during
the monsoon season. Individual types can
explain up to one third of rainfall variabil-
ity on the daily to subseasonal timescales.
The TD and Kelvin modes control pre-
cipitation on the daily timescales. ER
waves and the MJO are dominate longer
timescales (see SFKV18 and the references
therein).
Disturbances in the tropics are not in-
dependent from the extratropics. Using
weather observations made during the Sec-
ond World War, Riehl (1950) documented
how tropical disturbances interact with
the extratropical circulation. Predictabil-
ity in the extratropics on the intrasea-
sonal timescale largely originates from the
tropics (Waliser et al. 2003; Vitart and
Robertson 2018). The MJO is linked to
several intraseasonal modes of variability,
including the North Atlantic Oscillation
(NAO) (Walker and Bliss, 1932), the Ar-
tic Oscillation (AO) (Thompson and Wal-
lace, 1998), and the Pacific/North Ameri-
can Pattern (PNA) (Wallace and Gutzler,
1981). A review of intreaseasonal tropical-
extratropical interactions can be found in
Stan et al. (2017).
SFKV18 showed that the MJO and ER
waves over northern tropical Africa are
associated with rainfall far into the sub-
tropics during the extended monsoon sea-
son. The eastward-tilted precipitation pat-
tern resembles the tropical cloud plumes
described by Knippertz (2003); Knippertz
et al. (2003); Knippertz and Martin (2005)
and Fro¨hlich et al. (2013). Tropical plumes
are more frequent during the winter half
year when troughs triggered by breaking
Rossby waves draw moist monsoonal air
masses deep into the subtropics. Dur-
ing the monsoon season the subtropical
jet (STJ) lies further to the north and
thus tropical plumes are rare then (Fro¨hlich
et al., 2013). It remains an open question
whether the precipitation patterns associ-
ated with ER waves and the MJO are trig-
gered by the same dynamical process as in
wintertime tropical plumes.
The influence of tropical waves on rain-
fall depend on their influence on the lo-
cal dynamics and thermodynamics. Sev-
eral studies have analyzed the (thermo-)
dynamic signatures of single wave types
over this region in detail (e.g. TD: Reed
et al. 1977; Duvel 1990; Fink and Reiner
2003; Mekonnen et al. 2006; Lavaysse et al.
2006; Janiga and Thorncroft 2016, Kelvin:
Mounier et al. 2007; Nguyen and Duvel
2008; Mekonnen et al. 2008; Ventrice and
Thorncroft 2013; Mekonnen and Thorn-
croft 2016, MJO: Matthews 2004; Jani-
cot et al. 2009; Pohl et al. 2009; Berhane
et al. 2015; Zaitchik 2017, ER: Janicot et al.
2010; Yang et al. 2018, MRG: Yang et al.
2018; Cheng et al. 2018). The comparison
of results for different waves is hampered by
the use of different methodologies in the re-
spective studies. So far no systematic com-
parison of all tropical waves has been per-
formed using one consistent method. The
aim of the present study is to close this
gap and to provide a comprehensive analy-
sis of the modulation of the WAM by trop-
ical waves. This study will focus specifi-
cally on the effect of tropical waves on im-
portant components of the WAM such as
the monsoon layer, inter-tropical disconti-
nuity (ITD, Le´le´ and Lamb 2010) position,
Saharan Heat Low (SHL, Lavaysse et al.
2009; 2010) and AEJ. Additional atten-
tion is paid to the conditions for organized
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convection in form of mesoscale convective
systems (MCSs, Houze 2004), which are
responsible for the majority of rainfall in
West Africa (Eldridge, 1957; Laing et al.,
1999; Fink and Reiner, 2003) and com-
monly cause extreme precipitation (Engel
et al., 2017; Lafore et al., 2017). In order to
make use of as much data as possible in this
data scarce region, reanalysis data and in-
situ measurements by radiosondes will be
compared. More specifically the following
research questions will be addressed:
• How do circulation patterns associ-
ated with tropical waves modify the
WAM and the moisture distribution?
• How do tropical waves influence the
vertical profile of temperature, mois-
ture, and wind and what does this im-
ply for the triggering and organization
of rainfall?
• How is rainfall triggered over the Sa-
hara by the MJO and ER waves and
do they interact with the extratropical
circulation?
In the following section the applied
methods will be elaborated. The results
will be presented in section 3 and then dis-
cussed in section 4. The summary section
in 5 concludes this study.
2 Methods
2.1 Data
The modulation of dynamics and thermo-
dynamics by tropical waves was examined
using reanalysis data. Reanalysis prod-
ucts have the advantage of global coverage
and a long temporal record. ERA-Interim
is the most recent reanalysis product pro-
vided by the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Dee
et al., 2011), until it will be fully replaced
by ERA-5. Several dynamical and thermo-
dynamical fields were downloaded from the
MARS archive (http://apps.ecmwf.int/
datasets/) and analyzed in this study.
The daily interpolated National Oceanic
and Atmospheric Administration (NOAA)
OLR dataset (Liebmann and Smith, 1996)
was used to filter the waves following
SFKV18. OLR has the advantage that it is
available for a relatively long period. Con-
sistent with SFKV18, the analyzed time pe-
riod spans from 1981 to 2013. The precip-
itation patterns associated with each wave
band are discussed in detail in SFKV18,.
Following SFKV18, the Climate Hazards
Group InfraRed Precipitation with Station
data V.2 (CHIRPS) dataset was used to vi-
sualize the associated rainfall anomaly pat-
terns. CHIRPS estimates daily precipita-
tion rates over land masses only by gauge-
calibration of infra-red measurements and
has a spatial resolution of 0.5◦×0.5◦ (Funk
et al., 2015).
Reanalyses have large biases in humidity
fields but also in wind and temperature
over the measurement-sparse African
continent (Agust´ı-Panareda et al., 2010a,b;
Roberts et al., 2015). Thus, in-situ
measurements by radiosondes are a valu-
able supplement to accurately assess
the modulation of atmospheric profiles.
For this purpose, quality-controlled
radiosonde measurements from the In-
tegrated Global Radiosonde Archive
(IGRA) Version 2 (Durre et al., 2016) were
analyzed, which were downloaded from
https://data.nodc.noaa.gov/cgi-bin/
iso?id=gov.noaa.ncdc:C00975. Due
to a relatively high data availability, 12
UTC ascents at Abidjan Airport (13.48◦N,
2.17◦E) and Niamey Airport (5.25◦N,
3.93◦W) were chosen to illustrate the
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modulation over the Guinea Coast box
(5◦W-5◦E, 5◦-10◦N) and the West Sa-
hel box (5◦W-5◦E, 10◦-15◦N) defined in
SFKV18. Composites of radiosonde as-
cents from Abidjan were calculated for the
more equatorial MRG and Kelvin waves,
as both are predominantly equatorial phe-
nomena, whereas the influence of ER waves
and TDs was analyzed using the Niamey
data, as both wave modes have a stronger
imprint farther to the north (see Figs. 4-6
in SFKV18). Between April to October
1981 to 2013, 1370 measurements are
available for Niamey (19.4 % of the study
period) and 1214 measurements (17.2 %)
for Abidjan. As reference for the observed
rainfall, the daily rain gauge observations
were obtained from the Karlsruhe African
Surface Station Database (KASS-D).
The influence of the MJO was com-
pared with the NAO, AO, and PNA.
Daily normalized indices for these
modes were downloaded from ftp:
//ftp.cpc.ncep.noaa.gov/cwlinks.
Further information on how the in-
dices are calculated can be found
at http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_
index/history/method.shtml.
2.2 Wave filtering
The same approach as in SFKV18 was ap-
plied to identify tropical waves. In a nut-
shell, OLR was filtered using the classi-
cal method by Wheeler and Kiladis (1999).
The same filtering bands for the six waves
MJO, ER, MRG, Kelvin, TD, and EIG
were applied (Tab. 1 in SFKV18). No sym-
metry was imposed. Background noise also
projects into the filter bands (Wheeler and
Kiladis, 1999), but this is likely removed
when compositing over many cases as done
here. It should be noted that filtered sig-
nals are related to convectively coupled
waves and not to dry equatorial waves be-
cause low OLR indicates convective activ-
ity. Thus, conclusions can not be readily
transferred to the impact of dry equatorial
waves on the WAM system.
2.3 Composite study
A local wave phase metric is constructed
based on the wave signal at 0◦E and its time
derivative (Riley et al., 2011; Yasunaga and
Mapes, 2012). The phase-amplitude-space
is divided into eight phases, excluding days
when the amplitude is not significant. The
reader is referred to SFKV18 for further de-
tails of the method.
Composites of several dynamic and ther-
modynamic fields were calculated for all
days when the respective wave is in each
phase. The moisture transport is analyzed
using anomalies of moisture flux, mois-
ture flux convergence, precipitable water
(PW), and CHIRPS precipitation during
all phases (Figs. 1–5). The circulation pat-
terns as seen from wind, geopotential, and
divergence fields are consistent and thus
only provided in the supplementary mate-
rial (SM) (Figs. S1–S5). The position of the
ITD gives an estimate of the northward ex-
tent of the monsoon layer. The ITD is com-
monly indicated by the isoline of 14 ◦C dew
point temperature at 2 m (Buckle, 1996).
Plots of wind, and geopotential in 850 hPa,
as well as divergence in 200 hPa are pro-
vided in the SM. Geopotential in 300 hPa
is shown for the MJO and ER waves in-
stead of 850 hPa to highlight their relation-
ship with the extratropical wave guide.
The influence of tropical waves on the
organization of deep convection was ana-
lyzed using three variables that are known
to be key ingredients for MCSs (Maranan
et al., 2018): Convectively available poten-
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tial energy (CAPE) is a general measure for
atmospheric instability and the strength of
convective updrafts (Moncrieff and Miller,
1976). Secondly, dry mid-levels inten-
sify evaporative downdrafts in MCSs (Ray-
mond and Jiang, 1990; Brown and Zhang,
1997). These downdrafts induce cold pools,
which reinforce the MCS (Zipser, 1977;
Corfidi, 2003). The strength of down-
drafts was estimated using relative humid-
ity in 500 hPa (RH500) following Roca et al.
(2005). Finally, low-level wind shear is
necessary for MCSs to separate up- and
downdrafts and support longevity of the
system (Browning and Ludlam, 1962; Ro-
tunno et al., 1988). Here, we use the total
wind difference between 600 and 925 hPa
(Shear600-925). Mean CAPE, RH500, and
Shear600-925 anomalies were calculated for
each phase in the Guinea Coast and West
Sahel boxes.
Mean anomalies of all fields were calcu-
lated with respect to the climatology from
1979 to 2016. Significance was tested at
the 5 %-level using non-parametric boot-
strapping and n = 1000 repetitions. Wind
anomalies are considered significant when
either the zonal or meridional anomaly was
significantly different from zero. A 5◦-
spatial smoothing was applied to diver-
gence, moisture flux divergence, and geopo-
tential fields after compositing.
2.4 Radiosonde study
Most radiosonde ascents lack measure-
ments above 300 hPa, and thus only RH
below 300 hPa was analyzed. The raw
data were read with the python-package
IGRA2reader and interpolated to every
5 hPa and then composites of all ascents
during all eight wave phases were con-
structed. In order to capture the local wave
signal over the station, the wave phases
were determined for a narrower Guinean
and Sahelian zonal wave band. In Abid-
jan, wave phases were calculated based on
5◦–10◦N, 4◦W, in Niamey based on 10◦–
15◦N, 2◦E. The absolute difference of the
wind vector at 600 and 925 hPa was calcu-
lated for each profile and averaged for each
phase.
To analyze the thermodynamic condi-
tions during the passage of the waves,
mixed layer parcel buoyancy of the mean
profile during all phases was calculated
following the approach in Schrage et al.
(2006). The parcel buoyancy at a pressure
level with the environmental temperature
Te is defined as
B = Tp − Te,
where Tp is the parcel profile ascending
dry adiabatically until the lifting conden-
sation level (LCL) and moist adiabatically
above the LCL. The parcel profile was de-
termined based on the mean temperature
and humidity of the mixed layer between 15
and 65 hPa above ground (approximately
400 m). The lowest 10 hPa were removed
before the parcel profile was calculated due
to contamination from inconsistent surface
measurements that stem from radiosonde
initialization. Parcel buoyancy can be used
to analyze the vertical stability. By defi-
nition B = 0 at the LCL and at the equi-
librium level (EL). The integral of B be-
tween the surface and LCL is proportional
to CIN, and the area between the LCL and
EL to CAPE.
The rainfall signal was plotted using rain
gauge data from the stations, where the ra-
diosondes were launched. Rain gauges re-
port daily rainfall from 06 to 06 UTC+1d,
whereas radiosonde are launched at 12
UTC. The shift of six hours was eliminated
using the method as presented in SFKV18:
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The mean periods of the respective waves
were calculated using MATLAB-function
meanfreq(). Based on this, the length of
six hours measured in wave phases was es-
timated in order to shift the precipitation
curve to match the radiosonde data.
2.5 Time-lagged analysis
The MJO and ER waves trigger rainfall
anomalies up to the Mediterranean Sea
(SFKV18). To test, whether and how the
waves couple with the extratropical circu-
lation, geopotential and wind in 300 hPa
were analyzed. The influence on lower-
tropospheric thickness was analyzed be-
tween 600 and 925 hPa. The origin and de-
velopment of the wave signal were traced
using a time-lag analysis. The tropical
plumes were observed in the local phase
4 (see SFKV18, section 2 d for more de-
tail on the phase diagram) for the MJO
and in phase 6 for ER waves. Composites
of precipitation, geopotential, and wind in
300 hPa were calculated for 25 days to 5
days after the MJO wave was in phase 4
and 15 to 3 days after the ER was in phase
6.
3 Results
This section will describe first the circu-
lation patterns of the different wave types
and their influence on the moisture distri-
bution. Then, their vertical structure will
be examined and differences in mechanisms
of rainfall modulation will be shown. The
last part of this section will analyze how
rainfall over the Sahara is triggered by the
MJO and ER waves and whether they in-
teract with the extratropical circulation.
3.1 Circulation patterns and
moisture modulation
The MJO strongly modulates the circula-
tion over entire African (Figs. 1 and S1).
Consistent with theory, the wet phase over
northern tropical Africa lies in a region
of enhanced westerlies, which lead to in-
creased cyclonic shear vorticity, and the dry
phase in a region of easterlies. Low-level
convergence and upper-level divergence are
associated with lifting of air parcels and,
thus, increased precipitation (Fig. S1). Ad-
ditional to the modulation of zonal winds,
vortex-like structures exist, which are lo-
cated at 20◦–25◦N (e.g., Figs. 1b,f,g and
S1c,d,g). 300 hPa geopotential composites
indicate a relationship with extratropical
Rossby waves (Fig. S1), which will be dis-
cussed in section 3.3. The MJO has a large-
scale influence on PW. The monsoonal flow
intensifies during wet phases and reduces
during dry phases. In central and eastern
Africa, the ITD moves southward by 100-
200 km during the dry phases and north-
ward during the wet phases. West of 5◦E,
the modulation of the ITD is weaker. The
SHL is ventilated by increased monsoonal
and Atlantic air masses. Significant mois-
ture anomalies can be found far into the
subtropics (¿30◦N). Due to the low fre-
quency of the MJO, the total moisture con-
vergence is small compared to the other
wave types.
The more rotational ER waves show
westward propagating vortices with centers
off the equator at around 20◦N (Figs. 2
and S2). Additional to the vortices in
the tropics, ER waves are associated with
upper-level troughs and ridges over the sub-
tropical Atlantic Ocean and Mediterranean
(Fig. S2). The link to extratropical Rossby
waves will be discussed in section 3.3. Sus-
tained moderate moisture convergence dur-
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Figure 1: Composite of moisture flux (streamlines, magnitude in turquoise colors), moisture flux
convergence (black lines, at ± 1 and 2× 10−5 kg m−2 s−1, negative dashed), and PW (pink lines, at
± 1, 2 and 3 mm, negative dashed) for days with significant Madden-Julian Oscillation signals over
5◦-15◦N, 0◦E (dashed vertical line) during the extended monsoon season (March–October). Significant
precipitation anomalies are shaded (see SFKV18, their Figs. 5 and 6). The mean position of the ITD
in each phase is depicted with a green line. The dashed dark green line shows the mean position in
all phases. The number of days and the fraction of days per season during each phase is indicated in
the bottom right corner of each panel. Small moon symbols indicate the phase of the wave, with dry
anomalies in white and wet anomalies in black.
8
Figure 2: Same as Fig. 1, but for equatorial Rossby wave. The triangle shows the location of the
radiosonde station in Niamey used in Fig. 7a.
9
ing the passage of the slow-moving ER
waves result in a strong modulation of PW
and precipitation is mainly aligned with
these anomalies. Moist air masses from the
Gulf of Guinea and Congo Basin are trans-
ported towards tropical West and Central
Africa during the wet phase. In the Sa-
hel, wet conditions are related to enhanced
monsoonal flow and dry conditions with de-
creased monsoonal inflow. The mean posi-
tion of the ITD is roughly 100 km further
north in the wet sector of the wave and fur-
ther south in the dry sector. The SHL is
ventilated by southerlies during phases 5–
7. These southerlies result in moisture and
precipitation anomalies reaching up to the
Mediterranean (Fig. S2).
MRG waves are also a more rotational
wave type. They feature deep westward
moving vortices reaching from 850–300 hPa
and centered at around 25-30◦N (Figs. 3
and S3). Consistent with theory, they mod-
ulate the cross-equatorial meridional flow.
Precipitation is mainly related to moisture
flux convergence. Similar to the faster mov-
ing Kelvin waves and TDs, the modulation
of PW is weaker compared with the MJO
and ER waves. Moist air masses are then
transported northward originating from the
Gulf of Guinea and Congo Basin. These
moisture anomalies reach up to 20◦N. The
mean ITD position, however, is not sig-
nificantly affected. Moisture flux conver-
gence directly at the Guinea Coast leads
the anomalies farther inland. In the sub-
tropics, a westward propagating signal can
be observed at 300 hPa (Fig. S3).
Kelvin waves show a pronounced influ-
ence on the zonal flow patterns (Figs. 4 and
S4). As predicted by theory, wet phases
are associated with regions of enhanced
westerlies and vice versa. Kelvin waves
are vertically tilted; the lower-level conver-
gence center leads the precipitation anoma-
lies, with upper-level divergence lagging
by approximately 1/8 of the wavelength
(Fig. S4). Although the flow pattern is pri-
marily zonal, an enhanced southerly com-
ponent is evident in the wet phase and a
northerly component in the dry phase over
West Africa. Similar to the MJO, wester-
lies during the wet phase lead to increased
horizontal shear on the southern flank of
the AEJ. Kelvin waves facilitate precipita-
tion mainly due to moisture flux conver-
gence. Because moisture has a low gra-
dient meridionally (not shown), the mois-
ture flux convergence is predominantly gen-
erated due to convergence of zonal winds.
The mean ITD position does not shift sig-
nificantly. The influence on precipitation
and circulation reaches into the Sahel to
about 15◦N. As Kelvin waves quickly move
over Africa and moisture is removed by pre-
cipitation, PW is not strongly affected.
TDs have a strong influence on the
upper-level divergence field (Figs. 5 and S5)
due to their strong coupling with convec-
tion. The flow is modulated up to 20◦–
25◦N. As documented in previous stud-
ies, enhanced convection can be found in
the trough of the AEW and ahead of it,
whereas suppressed convection is evident
in and ahead of the ridge. A weak cross-
equatorial flow might stem from contami-
nation by MRG waves, which have a par-
tial overlap in the filter bands with TDs
(see SFKV18). The vortices related to the
modulation of the AEJ, result in moisture
flux convergence and divergence (Fig. 5).
Additionally, low-level divergent outflow
in the south-western and north-eastern
parts of the vortices lead to moisture flux
divergence, whereas convergent inflow in
these regions leads to moisture flux con-
vergence. The resulting tilt can also be
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Figure 3: Same as Fig. 1, but for mixed Rossby gravity wave. The star shows the location of the
radiosonde station in Abidjan used in Fig. 7b.
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Figure 4: Same as Fig. 1, but for Kelvin wave. The star shows the location of the radiosonde station
in Abidjan used in Fig. 7c.
12
Figure 5: Same as Fig. 1, but for tropical depression (African Easterly Wave). The triangle shows the
location of the radiosonde station in Niamey used in Fig. 7a.
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seen in TRMM precipitation (Fig. S11 in
SFKV18). In the wake of the precipita-
tion maxima and minima, PW is slightly
reduced and enhanced, respectively. Asso-
ciated with the northerlies in the dry sector
and southerlies in the wet sector, the mean
position of the ITD modulates by about 50
to 100 km.
The influence of EIG waves on the cir-
culation and moisture fields is weak and,
thus, their plots are only shown in the SM
(Figs. S6 and S7). Regions of easterlies are
associated with upper-level divergence and
positive precipitation anomalies, and vice
versa. The moisture distribution and ITD
position are hardly influenced.
3.2 Vertical structure and mech-
anism of rainfall modulation
The mechanisms of rainfall modulation de-
pend on the vertical profile of the tropi-
cal waves. Figure 6 shows the modulation
of three key ingredients for convective or-
ganization in two boxes in West Africa as
measured by reanalysis data. To give a
more detailed picture of the vertical struc-
ture of ER, Kelvin, and MRG waves, as
well as TDs, radiosonde data are also an-
alyzed (Fig. 7). No consistent modulation
of radiosonde data was found for the MJO
and EIG wave and, thus, their composites
are not shown here.
The MJO facilitates organization of deep
convection. CAPE in the Guinea Coast
leads the convecti maximum by two phases
and is in phase with convection in the West
Sahel (Fig. 6a). Before the wet peak, ab-
solute wind shear increases and decreases
sharply after the peak. Convective down-
drafts are likely weaker during wet phases,
as mid-level moisture is enhanced. Condi-
tions for organized convection are favorable
before and during the wet peak of rainfall
and slightly unfavorable after the peak in
rainfall.
ER waves (Fig. 6b) show a unique mod-
ulation of thermodynamic conditions with
unfavorable conditions for MCSs during the
wet phases. In contrast to the other wave
types, CAPE and wind shear are reduced
during wet phases and enhanced during
dry phases, although the CAPE anomaly
is weak. Mid-level moisture is strongly en-
hanced during the wet phases of ER waves
and decreased during dry phases. Ra-
diosonde data at Niamey gives a more de-
tailed view on the vertical structure of ER
waves (Fig. 7a). In contrast to the follow-
ing waves, ER waves, are not tilted ver-
tically. During the passage of ER waves,
the entire troposphere moistens and then
dries. In the mid-troposphere, absolute RH
increases and decreases by more than 10 %.
Consistent with reanalysis data, the effect
on parcel buoyancy is weak. LCL and CIN
are slightly lowered during the wet phase.
Winds turn cyclonically with time as ex-
pected from Fig. 2. The AEJ is weaker be-
fore the wet phase and stronger afterwards.
Upper-level wind divergence lead the rain-
fall maximum. This indicates that precip-
itation is mainly generated by large-scale
lifting and moistening.
The influence of MRG waves (Fig. 6c)
on the thermodynamic environment is in
between the MJO and ER. CAPE anoma-
lies lead precipitation anomalies by three
phases in the Guinea Coast and by one
phase in the West Sahel. Mid-level mois-
ture is enhanced after the peak of the
wet phase and suppressed after the dry
phase. Wind shear anomalies lead pre-
cipitation anomalies by about two phases
with a weaker modulation in the West Sa-
hel. Radiosondes ascents at Abidjan reveal
a vertical tilt. (Fig. 7b). Moisture builds
14
Figure 6: Modulation of CAPE, relative humdity in 500 hPa (RH500), and the low-level wind shear
between 600 and 925 hPa in the Sahel box (dashed red line) and Guinea box (solid blue line) during
all 8 phases for six tropical waves (a-f). Small moon symbols indicate the phase of the wave, with dry
anomalies in white and wet anomalies in black (see Figs. 1–5)
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Figure 7: Radiosonde composite for all phases of (a) ER waves over Niamey, (b) MRG waves over
Abidjan, (c) Kelvin waves over Abidjan, and (d) TDs over Niamey during April to October. Filtering
was done at 2◦E and 10◦–15◦N for Niamey 2◦E and 5◦–10◦N for Abidjan. Top of panels shows absolute
wind shear anomaly between 600 and 925 hPa (red dashed line) and precipitation anomaly (blue line) as
recorded by the rain gauge at the respective location. The precipitation is shifted by 6h to account for
the time difference between radiosonde and rain gauge measurement (converted by average phase length
TP , see method section 22.4 for more detail). The blue dashed vertical line indicates peak of rainfall.
Lower parts of panels show relative humidity anomaly (shading), parcel buoyancy anomaly (contours,
negative dashed), and horizontal wind anomaly (wind barbs, half barbs equal to 0.5 m s−1, full barbs to
1 m s−1, and triangles to 5 m s−1). Bottom thick black contour line represents the LFC, and top thick
line the EL.
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up at low levels (900–800 hPa) two to three
phases before the peak in rainfall. The
moisture anomaly shifts upward and, even-
tually, the entire troposphere is moistened
during the rainfall peak. Upper- and mid-
level moisture anomalies persist after the
wet peak, while dry anomalies build up at
lower levels (phases 5–7). MRG waves only
weakly modulate parcel buoyancy. CAPE
is enhanced before the build-up of deep
convection and reduces during it. Low-level
winds converge during the wet peak. The
AEJ is stronger during the dry phase and
weakened during the wet phase. Upper-
level winds converge before the wet peak
and diverge after the wet peak, indicating
that deep convection is first suppressed but
emerges during the wet peak. Low-level
wind shear is enhanced before the wet peak
and reduces after the rainfall peak. There-
fore, good conditions for organized convec-
tion persist only during the first part of
the wet phases. The build-up of rainfall
by MRG waves is gradual over Abidjan un-
til deep convection develops followed by a
stratiform outflow region (Fig. 7b).
Kelvin waves (Fig. 6d) have similar mod-
ulation signature as the MJO but on a
shorter timescale. CAPE leads precipita-
tion by about one phase. Mid-level mois-
ture is reduced prior to the peak of rain-
fall and enhanced after the peak of rain-
fall. As Kelvin waves modulate zonal winds
(Figs. 4 and S4), low-level wind shear is
strongly modulated, which leads the wet
peak by half a phase. The radiosonde mea-
surements at Abidjan reveal a vertical tilt
(Fig. 7c). Moisture anomalies build up at
900–800 hPa three phases before the peak
in rainfall, rise, and finally the entire tropo-
sphere is moistened after the peak of rain-
fall. Upper- and mid-level moisture anoma-
lies persist after the wet peak, while lower
levels start to dry again (phases 7–8). Par-
cel buoyancy is strongly modulated. CAPE
is enhanced before the peak of rainfall and
reduces with the onset of rain. During the
deep convection, CIN increases. Then, the
LCL is more than 50 hPa higher than be-
fore the peak rainfall and the EL is low-
ered by about 20 hPa. The vertical tilt of
the Kelvin wave is also evident in zonal
wind anomalies, which move upward with
time. Meridional winds are only weakly
modulated. Low-level wind shear is en-
hanced during the wet phase. The AEJ
is strengthened during and after the dry
phase, and reduces after the peak of rain-
fall. Upper-level winds are strongly modu-
lated. The tropical easterly jet is enhanced
during phases 5-7 and weakened during the
phases 8–2. Upper-level winds diverge dur-
ing the peak of rainfall facilitating deep
convection. In summary, the radiosonde
data suggest a build-up of low-level clouds
before the rainfall peak, followed by deep
and well organized convection, and finally
a stratiform outflow region.
The influence of TDs (Fig. 6e) on orga-
nization of convection resembles the mod-
ulation by Kelvin waves. The phasing and
magnitude of CAPE, mid-level moisture,
and wind shear anomalies are remarkably
similar. Wind shear anomalies, however,
are slightly weaker and do not change as
abruptly compared to Kelvin waves. TDs
are also tilted vertically, as the profile over
Niamey shows (Fig. 7d). A very shallow
region of positive humidity anomalies ex-
ists at 900 hPa during the dry phase. Dur-
ing phases 3–4, the troposphere moistens
relatively rapidly, starting from the lower
and the upper troposphere. By phase
5, the entire troposphere is moistened.
Moist anomalies remain at 500–350 hPa af-
ter the passage of rain. Parcel buoyancy
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is strongly modulated with CAPE notably
enhanced and CIN reduced before the wet
peak, which is quickly diminished and in-
creased, respectively, when deep convection
occurs. After the peak of rainfall, the LCL
is lifted and the EL is lowered. Consistent
westerly (easterly) anomalies are evident
in the lower troposphere during the dry
(wet) phase. The AEJ is modulated and
turns anti-cyclonically with time, whereas
upper-level winds turn cyclonically. Wind
shear increases before and during the rain-
fall peak. It can be concluded that rainfall
is embedded in a circulation system that
facilitates the formation of MCSs.
EIG waves (Fig. 6f) only weakly modu-
late CAPE, mid-level moisture, and wind
shear. Wind shear is weakly enhanced be-
fore, and reduced after the wet phase. Or-
ganized convection is not likely affected by
the passage of EIG waves.
3.3 Relationship to extra-tropical
Rossby waves
The MJO and ER waves can trigger tropi-
cal plume-like precipitation anomalies over
the Sahara. These structures appear dur-
ing the local phase 4 of the MJO and phase
6 of ER. Both wave modes are more ac-
tive before the peak of the WAM. Between
April and July, 73 % of cases with MJO in
phase 4 occur and 74 % of cases with ER in
phase 6 (Fig. 8). The preference of tropi-
cal plumes during spring is even more ev-
ident when only looking at strong cases in
phase 4 and 6, respectively, where the lo-
cal wave amplitude is greater than 2. 90 %
of the 97 strong MJO cases during the ex-
tended monsoon season and 76 % of the 106
strong ER cases take place during April and
May (not shown). This study uses a local
wave filtering. This way the local ”flavor”
of the MJO is captured more adequately.
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Figure 8: Relative occurrence of months during
which local (a) MJO is significant in phase 4 and
(b) ER in phase 6 at 0◦E. Numbers over the bars
show total count of days during each month.
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Figure 9: Real-time multivariate MJO in-
dex (RMM) when local MJO is significant in
phase 4. The histogram depicts the rela-
tive occurrence in each phase. Numbers over
the bars show total count of days during each
RMM phase. The index was obtained from
http://www.bom.gov.au/climate/mjo/.
To allow comparison with the widely used
real-time multivariate MJO index (RMM,
Wheeler and Hendon 2004), Fig. 9 shows
the RMM during the local phase 4, when
the plume is observed. The MJO as a
global mode is over the western hemisphere
and Africa (RMM Phases 1 and 8).
The MJO couples with extra-tropcial
Rossby waves as the associated precip-
itation and circulation patterns suggest,
which resemble tropical plumes (Figs. 1d
and S1d). During phase 4, precipitation
is enhanced south of a trough located over
the Atlas mountains. The time lag compos-
ites prior to the tropical plume show that
positive geopotential height anomalies are
evident in the tropics one month prior to
rainfall events (Fig. 10a). In the North-
ern Hemisphere, a quasi-stationary Rossby
wave train exists, which moves slowly west-
ward. The composites suggest that the
MJO band rather reflects a standing than
an eastward propagating mode. A dry
anomaly persists over Africa for several
weeks and vanishes as soon as the geopo-
tential anomaly vanishes. Related to the
Rossby wave train over the Atlantic Ocean,
the SHL is strengthened ahead of a rigde
over Central Europe (Figs. 10a-c). Follow-
ing this rigde, a trough amplifies over Cen-
tral Europe ten days later, which merges
with a trough over the Atlas mountains
(Figs. 10e-f). The related south-westerlies
over the Sahara transport moisture north-
wards and facilitate the generation of rain-
fall over the region (Fig. 1d). Additionally,
to the geopotential anomalies over the At-
lantic Ocean and Europe, a cyclonic and
anti-cyclonic vortex pair exist over the In-
dian subcontinent 25–15 days before the
event (Figs. 10a-c). This indicates a po-
tential influence of the Indian monsoon
system on the WAM on the intraseasonal
timescale.
The quasi-stationarity of the signal in
the extratropics suggests a possible link to
other intraseasonal modes. The geopoten-
tial patterns at day -25 resemble a posi-
tive NAO pattern that reverses until day
0. Although, the AO is weak during bo-
real summer, a positive AO precedes the
event, as negative geopotential anomalies
in polar and positive anomalies in sub-
tropical regions suggest. Time lag analy-
sis of the NAO, AO, and PNA indices re-
veal that positive NAO and AO phases are
more likely 40 to 20 days before the plume
(Fig. 11). A strong connection to the PNA
is not likely, as the index is weakly positive
during the time before and shortly after the
event.
ER waves also show precipitation pat-
tern over the Sahara reminiscent of trop-
ical plumes. It seems from Fig. S2 that
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Figure 10: Time lag composites of wind (vector) and geopotential (shading) in 300 hPa and geopotential
thickness between 925 and 600 hPa (contours, from -1 to 1 gpdm in 0.25 steps, negative dashed) for days
before the occurrence of a tropical plume-like MJO signal during phase 4 (a-g) and an ER signal during
phase 6 (h-n). Significant precipitation anomalies over Africa are shown with blue (positive) and red
(negative) dots. The wave signal was filtered for 5◦–15◦N, 0◦E (dashed line). The analyzed time period
spans from 1979 to 2013 for the extended monsoon season (March–October).
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Figure 11: Time lag analysis of mean NAO, AO,
and PNA indices before significant MJO signals in
local phase 4 at 0◦E. A 15-day running mean was
applied to the timeseries in order to highlight the
intraseasonal variability.
the westward propagating ER signal inter-
acts with the eastward movement of extra-
tropical Rossby waves, triggering a wave
breaking and leading to a tropical plume
in phase 6 (Fig. 2f). Enhanced precipita-
tion can then be found south and south-
east of a trough over the Atlas mountains.
Twelve days before the event, weak geopo-
tential anomaly patterns reach from the At-
lantic Ocean to the Indian subcontinent,
forming a Rossby wave train (Fig. 10i). As
it intensifies, a ridge over western Europe
triggers cold south-easterlies over northern
Africa, which ventilate the northern part
of the SHL. Over northern India, signifi-
cant geopotential and thickness anomalies
are evident at day -15 (Fig. 10h). These
anomalies travel westwards and intensify
over Central and East Africa (Figs. 10j-k).
A trough, which stretches from the Atlas
mountains to Central Europe, strengthens
and triggers north-westerly wind anomalies
that subsequently lead to the formation of
the tropical plume (Figs. 10l-m). Based on
the time-lagged composites we hypothesize
that breaking extratropical Rossby wave
can project onto the ER band. It should
also be noted that the observed geopoten-
tial height patterns do not show a pure
symmetric ER signal as expected from the-
ory.
4 Discussion
This section will relate the results pre-
sented in the previous section with former
research. The influence of tropical waves
on circulation patterns and moisture mod-
ulation will be examined. Then, the dif-
ference in the vertical structure and impli-
cations for rainfall modulation will be dis-
cussed. Finally, the relationship of MJO
and ER waves with the extratropics will be
reviewed.
4.1 Circulation patterns and
moisture modulation
As shown in the previous section, specific
circulation patterns are associated with
each wave type. Inertio-gravity waves are
more divergent whereas ER waves are pre-
dominantly rotational (Delayen and Yano,
2016). Kelvin waves are mostly divergent
modes, although at low wavenumbers (k <
5) they transition to a more rotational be-
havior. Westward MRG waves behave sim-
ilar to ER waves at high wavenumbers, but
exhibit more divergent characteristics at
low wavenumbers. ER (n=1) and Kelvin
waves are symmetric about the equator,
whereas MRG and EIG (n=0) waves are
antisymmetric (Matsuno, 1966). Circula-
tion patterns of these waves over the study
area show properties similar to the theoret-
ical solutions. The symmetric or antisym-
metric counterparts in the Southern Hemi-
sphere are weaker, though. In the follow-
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ing, results from previous research on single
waves will be compared to our results.
For the MJO, Matthews (2004), Jani-
cot et al. (2009), and Alaka and Maloney
(2012) show that the effect over Africa is
a result of Kelvin and Rossby response to
enhanced convection over the warm pool.
Thus, the MJO shares several properties
of Kelvin and Rossby waves such as the
strong modulation of zonal winds and vor-
tices off the equator. Matthews (2004), and
Alaka and Maloney (2012) also describe in-
creased moisture supply as shown in this
study. Lavender and Matthews (2009) ar-
gue, though, that the increased boundary
layer moisture is rather a result of enhanced
convection than a cause, which is consis-
tent with our results. The increased cy-
clonic shear at the southern flank of the
AEJ during the moist phase of the MJO
is also mentioned by Matthews (2004), and
Ventrice et al. (2011). As a side remark,
the increased horizontal shear affects the
stability of the AEJ and thus the AEW
occurence is modified (see also Alaka and
Maloney 2012; 2014).
Janicot et al. (2010) study in detail ER
waves and their impact on the WAM. They
find associated circulation fields that are
similar with the results of this study. Addi-
tionally, they show that the 10–30 days ER
mode are likely part of the so called ”Sahel-
mode” (Sultan et al., 2003). The results
presented here are also comparable with
the composites presented by Thiawa et al.
(2017). As both slowly propagating modes,
the ER waves and the MJO, strongly mod-
ulate PW, they are also the only wave
types significantly shifting the ITD posi-
tion by up to 100–200 km. The triggering of
tropical-plume like rainfall anomalies over
the Sahara and the relationship to the ex-
tratropics will be discussed in the following
sub-section 4.3.
MRG waves over the African continent
are not well studied. As MRG waves have
a strong meridional component at the equa-
tor, they strongly affect monsoonal inflow.
MRG waves share several similarities with
TDs. As their spectral bands partially
overlaps, both modes can project onto each
other. Over the Pacific, MRG waves can
transition to off-equatorial TDs Takayabu
and Nitta (1993). A close interaction be-
tween both wave modes is also suggested
in Cheng et al. (2018).
The circulation patterns of Kelvin waves
shown in Fig. 4 are consistent with previous
studies over Africa (Mounier et al., 2007;
Nguyen and Duvel, 2008; Sinclaire et al.,
2015; Thiawa et al., 2017). Kelvin waves
are commonly described as modes that only
affect zonal winds. Notably, theoretical
studies have revealed that Kelvin waves
exhibit additional meridional circulation if
the forcing lies off the equator (Gill, 1980;
Dias and Pauluis, 2009). Consistent with
observations for equatorial Africa (Mounier
et al., 2007; Sinclaire et al., 2015), this
study confirms that Kelvin waves also af-
fect northerly moisture influx during the
wet phase of the wave (Fig. 4).
TDs correspond mainly to AEWs over
Africa (Roundy and Frank, 2004). Thus,
the circulation patterns of TDs presented
here match well with the structure of
AEWs. In the region of northerlies, pre-
cipitation is enhanced (Duvel, 1990; Fink
and Reiner, 2003; Janiga and Thorncroft,
2016). A secondary maximum, which can
be found in the regions of southerlies, is
not resolved by the filtering method ap-
plied here. As previously mentioned, the
TD band might be also partially contami-
nated by MRG or even ER signals, which
can influence the TD structure Yang et al.
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(2018).
The role of EIG waves on the WAM has
not been studied so far. This study shows
that the influence of EIG waves on the dy-
namics and thermodynamics of the WAM
are minor. As mentioned by Kiladis et al.
(2016), EIG waves are more difficult to cap-
ture due to their weak influence on circu-
lation. A drawback of the applied meth-
ods is that the filtering, which is based on
daily OLR measurements, might miss the
fast EIG signal. Additionally, reanalysis
might not adequately capture these imbal-
anced modes, which are to a large extent
not assimilated by current NWP models
(Zˇagar et al., 2016).
4.2 Vertical structure and mech-
anism of rainfall modulation
All tropical waves, except ER waves, have a
self-similar vertical structure (Mapes et al.,
2006; Kiladis et al., 2009). CCEWs are
tilted vertically. Ahead of the region of en-
hanced rainfall, winds converge and mois-
ture is increased at low levels. Mid levels
moisten during the progression of the wave
until the entire troposphere is moist during
the deep convective phase. Furthermore,
Roundy and Janiga (2012) predict theoret-
ically such a behavior for imbalanced waves
using the Boussinesq model. This model is
an alternative theory to the shallow-water
model, which additionally takes buoyancy
into account. In balanced waves, buoyancy
does not act as restoring force and thus
they do not possess such a vertical tilt. The
radiosonde analysis confirms these results.
The more imbalanced modes (Kelvin, TD,
and MRG) show a tilted vertical structure,
whereas the balanced ER wave lacks such a
tilt. This agrees with observations by Yang
et al. (2018). Interestingly, they show that
this tilt depends on longitude and is the
strongest over West Africa. To test this,
was beyond the scope of this study. The
vertical structure of the MJO, which was
not analyzed in this study, is similar to
a Kelvin wave (Mapes et al., 2006; Tian
et al., 2006; Roundy, 2012; Jiang et al.,
2015).
Rainfall anomalies in the more balanced
ER wave are mostly related to large-
scale moistening and quasi-geostropic lift-
ing. Stratiform rain is thus facilitated. The
rainfall anomaly in predominantly imbal-
anced waves (MJO, Kelvin, and MRG) is
of convective nature. Increased CAPE and
low-level shear as well as decreased mid-
level humidity favor vigorous and organized
convection during the wet phase. TDs show
the same effects. As MRG has imbalanced
characteristics at low wavenumbers (De-
layen and Yano, 2016), the organization of
precipitation is not as strongly modulated,
compared with the MJO, Kelvin wave,
and TD. Several studies have documented
that favorable conditions for organized con-
vection exist over Africa during the pas-
sage of AEWs (e.g. Duvel, 1990; Fink and
Reiner, 2003; Janiga and Thorncroft, 2016;
Maranan et al., 2018) and Kelvin waves
(e.g. Mounier et al., 2007; Nguyen and Du-
vel, 2008; Laing et al., 2011; Sinclaire et al.,
2015). The effect of MRG and Kelvin waves
on organization was documented by Holder
et al. (2008). Although EIG waves are by
nature imbalanced modes, this study could
only reveal a minor influence on vertical
profiles. Yet, it could be speculated that
the applied methods could not measure this
adequately due to the high speed of EIG
waves.
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4.3 Relationship with the extrat-
ropics
The MJO over northern tropical Africa
can trigger slightly poleward and eastward
tilted tropical plumes, which are related to
a quasi-stationary signal in the extratrop-
ics. The relationship between the tropical
and extratropical regime on the intrasea-
sonal timescale is complex. One mecha-
nism of how the MJO influences remote
area are through the excitation of Rossby
wave trains (Opsteegh and van den Dool,
1980; Hoskins and Karoly, 1981; Seo and
Lee, 2017). This study documents a block-
ing over Europe 20 days prior to the trop-
ical plume, which is consistent with Hen-
derson et al. (2016), who found a signifi-
cant modulation of blocking frequency over
the Atlantic Ocean and Europe. Alaka
and Maloney (2014) suspected a link of the
intraseasonal variability over West Africa
with the NAO. This study attests that a
positive NAO and AO precede the MJO in-
duced plumes over Africa. A feedback be-
tween the MJO and NAO is documented by
Cassou (2008), and Lin et al. (2009). The
AO, which is correlated with the NAO, has
been also associated with the MJO (Zhou
and Miller, 2005; L’Heureux and Higgins,
2008). A connection with the PNA could
not be found in this study, as described
for the global MJO by e.g. Ferranti et al.
(1990); Mori and Watanabe (2008); Lukens
et al. (2017), albeit for the boreal win-
ter, whereas this study focuses on the pre-
monsoon. It has to be noted also that the
observed MJO pattern over Africa has a
more standing component (see Fig. 10 and
Pohl et al. 2009) . Roughly 40 % of signif-
icant local MJO events are missed by the
global RMM index (Fig. 9). Thus, a di-
rect comparison with global MJO studies
is difficult. Additional to extratropical in-
fluences, the Indian Monsoon system can
influence the MJO signal over Africa during
the monsoon season (Berhane et al., 2015).
Janicot et al. (2009) analyzed the intrasea-
sonal variability of West African rainfall
and showed that active and break phases
of the Indian monsoon also project onto the
intraseasonal signal over West Africa 15–20
days later. Figure 10a also suggests such a
link to the Indian monsoon.
ER waves act on a shorter timescale than
the MJO. The involved mechanism is likely
different. A similar patterns of ER waves
showing a trough over the Atlas moun-
tains was documented also by Janicot et al.
(2010) and Thiawa et al. (2017). Figure 10
suggests that this trough is related to a
Rossby wave train over the Atlantic. Dur-
ing the pre-monsoon, when most of the
cases happen, the Rossby wave train can
penetrate far south, as the STJ is still
located at 25◦N. The breaking of these
Rossby waves leads to a tilted trough over
the Atlas mountains and subsequently trig-
gers a tropical plume similarly to the pro-
cess described by Knippertz (2003); Knip-
pertz and Martin (2005), and Fro¨hlich et al.
(2013). From the time-lag analysis, it is not
clear, however, to which portion ER waves
can be attributed, i.e. to an extratropical
wave train or to tropical origin. Further
research is needed here. Separating both
regimes would help to answer this ques-
tion. As a final side remark, Vizy and Cook
(2009, 2014); Chauvin et al. (2010) and
Leroux et al. (2011) documented a similar
mechanism how a mid-latitude wave train
originating over the Atlantic can influence
the intraseasonal variability of the WAM.
Chauvin et al. (2010); Leroux et al. (2011)
and Roehrig et al. (2011) point to the role
of the SHL, which serves as a link between
the extratropics and tropics. Consequently,
24
the strength and location of the SHL af-
fects the activity of AEW and intraseasonal
variability of rainfall over northern tropi-
cal Africa. These studies and the results
presented here emphasize the relevance of
extratropical forcing for the intraseasonal
rainfall variability in the study region.
5 Conclusion
Precipitation and the necessary dynamic
and thermodynamic conditions are known
to vary systematically in space and time in
tropical regions like Africa. Tropical waves
are the main factor determining the atmo-
spheric environmental conditions that facil-
itate or suppress precipitation on daily to
monthly timescales. So far no systematic
comparison has been performed to analyze
these waves and their influence on rain-
fall, dynamics, and thermodynamics over
the region of northern tropical Africa. The
present study complements SFKV18, who
quantified the influence of tropical waves
on rainfall over the region. This part in-
vestigated the effect on the dynamics and
thermodynamics within the WAM. The key
results are:
• Tropical waves show specific circula-
tion patterns that are largely con-
sistent with theoretical predictions.
The modulation by EIG waves is very
weak. The slow modes, MJO and ER
waves, have a strong impact on PW,
whereas moisture convergence is the
dominant factor for rainfall genera-
tion in the faster Kelvin, and MRG
waves, as well as TDs. Monsoonal in-
flow is increased during wet phases of
the MJO, and ER and MRG waves.
Due to the slow speed of the MJO and
ER waves and their influence on PW,
both waves modulate the zonal posi-
tion of inter-tropical discontinuity by
about 100 to 200 km.
• Radiosonde data reveal the verti-
cal tilt of imbalanced wave modes
(Kelvin, MRG waves and TDs). The
balanced ER waves are not verti-
cally tilted. Organization of deep
convection is facilitated during the
wet phases of the imbalanced modes,
MJO, Kelvin waves and TDs. Slightly
favorable conditions occur during the
passage of MRG waves. Organiza-
tion is hampered during the passage of
the balanced ER mode. Rainfall trig-
gered by ER waves is more likely gen-
erated by large moistening and strati-
form lifting.
• The MJO and ER waves interact with
the extratropics. A time-lag analy-
sis suggests that in both cases an ex-
tratropical Rossby wave train causes
a trough over the Atlas mountains,
which then triggers rainfall over the
Sahara. Additional influence stems
from intraseasonal variability of the
Indian monsoon system. The extra-
tropical Rossby wave signal is likely
the result of the MJO, whereas the ER
signal is partially triggered by a re-
lated extratropical Rossby wave train
over the Atlantic and partially has
tropical origin. Time-lag analysis in-
dicates that the MJO event is likely
preceded by a positive NAO and AO
signals.
Several scientific questions remain open:
This study highlighted the differences be-
tween the effect of imbalanced modes in the
WAM region compared to balanced modes.
Current global NWP models do not assim-
ilate imbalanced modes. This stresses the
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need of new schemes such as those proposed
by Zˇagar et al. (2005; 2012; 2016). This
study only analyzed thermodynamic vari-
ables and did not consider other diabatic
fluxes, such as radiation. More research
is needed to investigate whether radiative
fluxes play a significant role in the ther-
modynamics of tropical waves. Finally, the
teleconnection patterns for the MJO and
ER wave documented here should be ana-
lyzed in more detail because of their poten-
tial as intraseasonal predictors for Sahelian
rainfall during the pre-monsoon.
Future developments of rainfall predic-
tion models can benefit from the results
presented here. This study unveil which
dynamical processes need to be modeled
realistically to represent the coupling be-
tween tropical waves and rainfall. Oper-
ational NWP forecasts are improving in
the representation of tropical waves (Janiga
et al., 2018). In particular, the large-
scale modulation of winds and moisture
by the MJO, the quasi-geostrophic equa-
torial (and related extratropical) Rossby
waves are predicted reasonably well on a
timescale of two to three weeks (Grazz-
ini and Vitart, 2015; Li and Robertson,
2015; Janiga et al., 2018; Tseng et al.,
2018). However, as numerical models still
struggle to represent mesoscale structures
of organized convection, the modulating in-
fluence of smaller scale imbalanced trop-
ical waves on rainfall might be missed.
This gap could be addressed by develop-
ing dynamical-statistical models that in-
corporate real-time filtered wave informa-
tion from NWP models and observations
(Wheeler and Weickmann 2001; Wheeler
and Hendon 2004; Roundy et al. 2009;
Janiga et al. 2018) as predictors for rainfall,
potentially leading to better rainfall predic-
tions over northern tropical Africa.
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Supplementary Material
Figure S1: Similar composite as Fig. 1 in the main paper, but showing significant 850 hPa wind
anomalies (green arrows), precipitation anomalies (shaded), convergence in 200 hPa (thick contours, at
−3× 10−6 s−1 to 3× 10−6 s−1 in 0.5× 10−6 s−1 steps, positive solid red lines, negative dashed blue
lines), and geopotential height anomalies in 300 hPa (thin black contours, at -1.4 to 1.4 gpdm in 0.2
gpdm steps, negative dashed) for the Madden-Julian Oscillation. Gray line indicates the ITD position.
34
Figure S2: Same as Fig. S1, but for equatorial Rossby waves.
35
Figure S3: Same as Fig. S1, but for mixed Rossby gravity waves. Thin black contours show 850 hPa
geopotential height anomalies at -0.5 to 0.5 gpdm in 0.1 gpdm steps (negative dashed).
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Figure S4: Same as Fig. S3, but for Kelvin waves.
37
Figure S5: Same as Fig. S3, but for tropical disturbances (mostly African Easterly Waves).
38
Figure S6: Same as Fig. S3, but for eastward inertio-gravity waves.
39
Figure S7: Same as Fig. 1 in the main paper, but for eastward inertio-gravity waves.
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